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AIISTRA<X

‘1’hc  M o o n  as a  venue  for  mmotc scns; !)f,  h., [ {rl ,:IJI
geometrically-based advantages over free flyc[s that fti< ,Iilllc
reuse of  assets :  lack of clispcrsicm of cmpl iwc.:1 f.ic’ll(l (s;
reduction (compare.d to space) of the dimcnsif,  ]l (Ii n,f,’,i lily
space from 3 10 2; rcj]c[itivc lunar-station 14.) lia( (h s al I{)()
communications geometry. If a  s e r i e s  of lulmr I,,l$si ,1, is
designed so as to build cxh upon lhc other-a sclit$  of ]Ia ti;ll)
reusable hardware assets- there is a point in tinw WIIr JI 111[  tt I\al
cost of lunar-based missions bccomcs lCSS than a) I e;lu I \ ;lI( II s(.[
o f  indcpcncicrrt flee ftycrs. The economics c,( lcu~:{l,il,l> is
examirtcd along with feasibility (survivabili(j  0[1 111( !}l<,~,l,
over tinlc and methods of connecting succcssm K} j l{ t:d{ t. ml
assets). Surveyor 3 (sonic of whose parts were rctul I,{;I I j t II(
Apollo 12 astronauts) is used as an anecdotal al,zlyis of
survivability along with notes of a more g,emvtil rIat IIIt S(’rll(
scientific candidates for low-cost remote serlsinj  iJ(J~li dlc h4 KU.
arc also presrxrlcd.

LNI’RODUCTI.Q.N

Stretching back into prehistory,  the Mmnl  ha< c~,i ICI :!
fascination for humans. This attitude is not CXCIU<IV1  to [ht.
domains of mythology and poetry, brrl, als!,, [hr M m is
known to psychologists to inflrrcnce, to SOIIH. e>.[<i,t, VU!  IIZIII
actions. After the enormous engineering, M 11.”IJ1 if u ;irl[l
political successes of tile Apollo missions to tlic hit!:, , l.t~at
body acquired a srxond psychological set of associ ~[i{lr,,, “1 I,IU<,
rcturnirrp, to the hfoon has often been treated as ax]< )I)IaI i al I ~’ ,{
good thing to do bccausc  it serves as a dual sylllt,ol.

But fol the last dccadc or so, a more ( e~r+r~l c w for
returning, to the Moon has been cvc)lving.  l’hc c aw, L,I:p. 11.1 III:
on who is presenting it, is based upon one or Ilmrt N ICI) ,111 o[
economic advantages. Among the (nonmilitary’) itcri~’ Ii JO i f(~l
rationale are:

(1) The study of the Moon per se , e.g., luntiI fIL:olos\

(2) Commercial advantage, e.g., entcrtai],rl,crt  cu p.,+vf I
generation.

(3) Abase for remote sensing.

l-his paper is only concerned with item 3: tmt wi(ll I,tr I, IIICI  fil

symbolic notions nor with items 1 or 2. (lloucvri  iw r}] ;1 dw
enter in to a limited extent when a “nli~ccl so ~[~ p)” 1
discussed, and lunar geology h a s  semi{ cll\’rl(JJsrrI!  11111
consequences for lunar observatories.)

Remote-sensirrg applications of a hrnal VCI)IJ(:  a,, (It,, L(LIS]”,
attractive for astrophysical investigations, t,ul, lc.~ (,b ~i(,i,sl)
terrcsh ial observations might bc of value, S] IIO;I’.IC (IIISf  J

vations of the magnetosphere for example. A (01$$1(  144bl
body of work has been dorm, and published, v ittl ], [:~t{ t I [II
scicntif]c  objectives and some elcnmnts of dcsi~ ( i [(! I un z
cmplacemcnts,  particularly for astrophysics.

Copyr@}l LO American Ins[krtc of Aeronautics and Aftr(JIIo  II IL. Ir.
1996. All rights reserved.

!,< N()-l’S]’ACt:

‘1 “In objcc(ivc of the prcscrr[ paper is to sketch some ideas
thal hold promise. ftu u[ili~ing the Moon’s unique advantages
as 8 rellmte-srmsiljf: platforl[l ‘1’hc  tests of the potential value of
a p~{,l),,scd  lu]la! M ic]ltiflc out])ost a rc  twofold : (1) is the
“sci[ru c pcr dollar” cstinlate attractive?, and (2) is the Moon
picfcrtil)lc 10 ott,cr vc]lucs, pal-ticular]y f r e e  f l y e r s ?  A  con-
stlaiut for all of tllc irtvcstigations is not only high scicncc-per-
dollar but also lo~, absolute cost Although “low” is not going
to b; J ICOI(NISIY qrrnll[if]cd hclc, something in the neighbor-
hood c,f NASA’ s IIi stove.ry class is envisaged. Therefore, the.
obscrwatorirx alc lotmtic ar~d without hu]nan presence.

,’N) attrwi])t  to ans~vcrj  ill pall, the two questions above has
dctrntlinecl the slruclurr  of Ihc present paper,

oucstiori  (1) is addressed by reviewing some candidate
illvcstig,atimif that bolcl p]ornisc.  of delivering valuable scicncc
at low cost Ihc 1.urmr  Observatory Steering Group (I .OSG)
was es! fiblishcd  in 1994 by NASA’s Mission From Planet Earth
Sto(iy  OffIcC. ((:OCIC  SX) in the. (Mice of Space. Scicncc (Code S)
t{] exalllirle scientific ol)tions. Although the LOSG, an inter-
ccrltct ~roup chaired by the present author, developed some
rmw S( ientiflc artd titission options, it la~cly functioned as a
knv pa<s flltcr to review the cxcellcnt sets of scientific proposals
ill IIJC literature ar~d hi~ldisht  t}msc which seem to be at the low
cid of the cost spcc[r urn. Ncitbcr the I.(NG ctl’ort nor the rrcw
]nfitc] lal presented hcl c should bc considered to bc complete i n
ar]y $.IE+c. The sc.arcl, for g,ood scientific ideas and clcvcr
dcsigris for lunar observatories nmrst be an ongoing process.

Q1icstion  (2) really reflects the thrust of the paper with
lc~w{i to whai is sut,stmltiveIy new, here, rM distinguished from
I}w 1 .(X+Ci rcporl’,;’ , which placed most eniphasis upon qucs-
tior, ( 1). The  thesis of this paper is that the differentiator
bctwccn ttw hloon and space is that the Moon provides a
cor]vcjlicnt VMy to collect scientific. and engineering assets over
a p’ri~)d  Of tinlc: in a srmsc, the Moon has a lnenlory.

Bul, ir, ol-dc.r lor these collected awets to be of use, two
col,dilions  must bc folfilled:  (1) they must survive in time
t}ir!m~ll tlw rifwrs (especially radiation and monthly thermal
cy(li!,p)  of tbr lunar crrvironnlcnt,  and (2) there must be a way
[o coruw.ct thr awcts of onc irlvestigation  to those of a sub-
sequent onc (or evtm contemporary one). The primary topics of
I}IC p.tpcr, tller~, ar[- sur vivabili(y and connectivity.

Ar, e~anlple of ar, asset that might bc reused is a Moon-Earth
tclc.c{,rl~rrluriicat  i(~rjs systcrll. in order to effect such reuse, i n
ad(litlon to survivil!~, the systcm would have to bc controllable
by tl,r subscquen[ irlvestigalion  (this implies, also, a func-
t ioni 1,f, powrv source on the original vchiclc)  and a means to
tl ansfcr data bctv:e.:rl  successor and preclwessor. The last point,
conrlccti~ily,  n]ight  bc, for cxarnple.,  by a UIIF link.

‘l”hc plan of tlw paper is to enter into the topics treated
al,.wc in enoupb dclail to allow judgnlents  to bc formed as to
M Ie[hcr the tl ail is word) following in future. The final section
co!lr,ts sutt,c [mssit~ilitics  for those who do go down this trail,
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& mentioned a b o v e ,  a  consjdcrablc  an)o~tllt (, I Ifl Ii tla,
b e e n  cxpcndcd i n  the last dccadc  t o  idcr II if) (:ill’jl(l all
scientific (rc.mote sensing) invcstigatior]s  fol ir[l})l(t[lr  [ii I(III
On ihc Mcron,  “J’hc I.OSG eslab]ishcd a pre]illli]i:il \J lIf! O’ s:,rtlt.
that might bc cxjw.ctcd tO bc. done for a rc]alj~,c]) ](,1 ( ,., <[
These  invcs[igalion  conccpls arc skctchcd below KIuc I n{,]~
material exists in the li[craturc.3,4

Ttrcfrcqrrency  range  be low about 30 hlll~  IS ltiic~l l,)icd
wi th  high angular rcso]uiion duc to the opacio  of th[ ] 11111’s
ionosphere. An intcrfcrc)rtictcr array i[l space l,l(,vi(llrlf SI,I,
dcgrecangu]ar  resolution images would allow a wid[ r~],lt (If
problems in solar, planetary, galactic, and extra ~a]z(ii(  ; <II(,

nomy to bc attacked.4 These include the cvolutio;i Of sI~lz timri
planetary radio bursts (including auroral kilolll[t,.il  tadi li~,]l
(AKR)from  thcljartt)), scintillation caused by turt,ulcl}, I,,
the inteq~lar~ctary a n d  irltcrs[e]]ar rncdja, t h e  (iistfil,lltl(,  (,(
difluscioni7.ed  h y d r o g e n  in our galaxy, Ihc dcicil[lill;ttio  ,J(
spectral turnover frequencies and magnetic ficl{.t s[~ril[,[t h Ill
galactic  andcxtra.~alactic  radio sour~cs, s[atjstjcal ICSI< ~,j ,,)Lil(l
s o u r c e  trniftcation  theories at frequc.ncies w}tcr~ l;i~lt,ili(~., I,
cxpccIcd to bc comp]ctely  isotropic, scarchcs for ‘ft,ssll’ r, CII{,
ga]axics w h i c h  arcnolongcr dctectab]c  a[hig.llc! f,f.x!il:l,  it.,
and scarchcs for ncw sources of coherent radic) erlliis!c,ll )1,
a d d i t i o n ,  it is likely that cornp]ctc]y uncxpc,c(ctl ot~l~~,~  ,11,~’,
emission processes will bc discovered by such al) [tis[[ut(,,tl ;.\

has often happc.rmd  w h e n  high reso]utj{)ll aslro))orl 1(’ill

observations flrs[ bccamc possible in a wide nrnv i(pi{~~, of tll:
clcctromag,netic spcclrunl. The low frequency wirlcl[,u fi(,lll
about 30 kllz to 30 Mt17, spans three orders of llla~lli[lld( il,
frequency, widcrttla[l  thci!(frared  winciow, opel,c(lt,y  I}{F,S ,IIJd
ISOorthc ultraviolet winclow opened by llJ}: ali(i l~[I\’1. II
represents the last region of the spectrum which i~ il~ti[~(.~s II).
from Eiarlh and still largely uncxp]orcc!.

Some 15 to 20iclcrltica] Sli]al] packages wou]d t~,, (}(~,](,j~(i
on the lunar mar side surface in a region about ILI(}  I.111 ir
diameter. I;ach package would consist of a spbcvi(al c~IIs.11~
containing electronics and lithium batteries all[l z 11,111 [If
orthogonal wire dipole an[cnnas lying On tbc IIl;Ia T SUI;a ~,
E a c h  wire dipole  wouId bc abom 10 rncters end.(() c,,cI ‘J[lL
electronics are quite sirnplc: a programmable l(lwf’rt.,;~lcl y
receiver (one for each dipo]c), a command lccci\rt afd
telemetry  transmitter, a low-speed ~PIJ for control, aIICi a Jri.lv  (:!
system based on a small solar-cell array and ltCha IrCHi,  c
batteries. Thea rray of packages would operate to~ctticl m n
aperture-synthesis, radio-interferometer array with 1(1(1 I(, 21,()
simultaneous baselines having lengths between a fc,i, J.111  a) [1
about 100 km, Digital data wou Jd bc transmitted dllt:ctlj  Jl( II
all of thcpackagcs  toa sing]c ground antcnnaat  33 (ill? Afl! j
reception on Earthj the data from all package pair, v,’(~llt,:  1,[
cros. s-correJa[cd arid l~ouricr  [Iansformcd on a pala]l(l  c,:lr,,  jlLlt, I
to produccirnagcs.

I)cj~loyjllel~t c,f II)( J]ackap,cs v,ou]d  b c  v i a  h a r d  (uncon-
tfolleti) larjdirlg,s, }Ach J,ackagc would bc spin-stabilized
dullrl{,  lurml transfcl wi[h a srr~all  solid-fuel motor slowing the
],acka~,c 10 cnsulc :ilatlding  illipact of no more than 3000 g.
“J’))i!.a/,l)roacllis vcjy sitrliltir [o that de}rclopcd for the Ranger
scisfilt,~iaptj capsuics atd the Japanese Lunar-A pcnetrator.
l.aclt( aI]sulc issclf-riptttirl~  aftcrlanding,  allov,ing dipole and
solar-a rjay dcpJoynlcrl[ atd J~c]irlting of the telemetry antenna
at };ar~ll,

“J”hc [)rcfellcti IaL,rlcl) \Jcliic]c forthis rllission isthe Arianc S,
vhi(h would allow (Icployment of 20 separate packages on the
Moon ARussiarj  lriurlch vchiclc could also bc used, which
rrli~)~t b(’ a less expc]ts]vc option, ADe]ta  II would a]]ow on]y
fl\’csltr fi\ce J,ackapc.st(~t,c clcploycd, far fewer than needed for
arl adc{![latc rarlp,c c)f ba<eJines, Thcnunlbcrs  arc based on an
cstilliatt  of 13S k~ for carlr package, including retro motor,
spirl ]no[ors, J>ayload scjmtiticm mcchanisnl, inertia arms, pilot
hcacon, find landrv cal,sulc with impact limiter, Ifdcployment
byrl)f.a,l<  of alul)al  rc)i,ri wcrc!J~ossib]e  (m part of sornc other,
Ialycr,l (mar  nlission) t}w individual AI,FA packages would be
only 20 kg, each OJ a total deployed mass of 400 kg for 20
parka: u., W’c arc also ir,vcs[i~atirl~ deployment of the array at
onr.’  of rhc ]]arttl.h~o(,rl l,a~,rarl~c  points to avoid t h e  ~os[ o f
surj’i~irl~,  the Iunal Iaudin:. “I”his could allow, asnlallerancl km
cx])cnsiw launch v(>hicle 10 bc used. This work is continuing,
bul cur[clltJy it aJq,cars that lurtar hard landers arc the most
prc~r!li$il,f  ncaltcl[[i  clc},loyl]]r.rit  option.

:lCtjlTjQIQ&>y,_hlcc~$

h411cJ, of the tccllr,(,l{,fy rcqtlired fol this mission is ofl-the-
S}lCI f ‘J’hc low- frrqucncy  receivers are based on consun~er-
oricrdcd J,or(atdc short.wave receivers, and the digital sampling
i s  don,.  With colllrllclcia] alldio ~!I) ~) chips. ‘f’hc control
con}~mlei> can use rcla[ively SIOU,  C.fl]s  which are already
space-(lu;ilific(i. ‘1’tlc  trlcnlctly  system is nearly identical to one
(lcsi~n(d by J}’I. for a lur)al interior structure mission. The
hard.landlng  dcJ!lcjyrltcl]t scheme has bccll studied in detail
(includln finlpfic  tsurv)~,altestsof  hard-landing lunar capsules)
t,y J} ’1. ar]d l.c,ral, “1’hc  rrlajor technology development re-
cp-rircd)sthc fabrication)) al!d testing of a2/3 scaJe version of a
rolnlllc!cial  (’I’hioko]) soli(i  rockc.t  motor and the integration of
[llestrtfac{. JJackafes arlclrclrcj rllotors into complete trans-lunar
vchielcs. Ad(lltional tcchrlo]ogy issues involve the accuracy
\vith wlli(h vehicles can be targ,ctcd by the upper stage of the
launc}, vcl,icJc (al,cl thr al,lou!~t of fuel required for targeting
I[lancuvcr..  ) and \,criflcati(~Jl of the impact tolerance of the solar
(ells atl~ lilbiunl balkrics,

McawIc  the radio noise  backp,round on  near  side m a
fllnctlon c,f time,

Tl]c:tli,+y w,~,til[~(,~)cl fitcintu,or[}odcs:  1) “snapshot” inlag-
illp of sb(mg, rapidly choll~ing,  sources such m solar and
Illanclar) ]adio twrs[s :Ili(l tbc sc in t i l la t ion  of  s t rong back-
)! I Oun d St, urccsj iirl(l  ?) lunar--rotat ion apcl[rrrc-synthesis
,~t~selvti[iofl~ in \vhich da(a takcri over onc or more lunar days
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arc combined for maximum sensitivity, bi@l. dyIIa TI,,  r.: iit,j,c
imaging. In both c.mcs a large number of illdlvidllzl a! I (IY
clerncnts arc nccctcd. Snapshot imaging is ~mssit,lc 0111) II IIIC
number of simultaneous baselines is strff-lc.ient  U) pI(lv IdIr ,P(ILId
instantaneous coverage of the aperture or (u, v) },lalj(,  all 1 LI II
usc of rotation al~crlurc synthesis depends C)II I be u\.. (I! s. If.
calibration algorithms to correct for errors causc,i by [IN i: ,s~ r o.
mcnts or by propagation c.fleets. I’hc power of sol f ( ~llt)ttt (Irl
is a stro~t~ function of the nrrmbcr of antennas il. (hi, WI +Y

Increase the number of elements and the c~t{ [It of IIIC ar I <IV.
Place an array on tbc. lunar far side where the r’idio II(I w f] 1111
Earth is eliminated.

By the start of tbc 21st century, astronon]cls v,ill hal I },t~d
over a dccadc of obscrva[ions from the llSTald SCVCJ.I  y< i!:. (~f
observations from tbc current phase of vci y lir IjIc [,:1[  >c~ II){
construction. It is thus surprising that rathcl lli(xi<.s:  ap.{i uIr
(0.5 to 1.Om)  lunar based UV telescopes will bc c ,111.*lIc  of
m a k i n g  sip,nific.ant  scientific contribrrtions.4  l:u L II. ,.ti u (I1
the richness of the celestial field this is irrdccd the c,t,:, iiri{ I II

this brief review two possible instruments arc icir!lll i 1{. i

Two separate, stand alone, instruments have bcctl  sIIFLc~Ic(i
for tbc initial cmplacemcnt: a transit tclescol}t WI(II 2 f I ~cd
declination and a conventionally pointed tclcsrvpc  ‘1’hc 1)11111(
objcctivc  of the transit tclescopc  would be a dcq, [ I\’ $ III \ Ly
This survey, although somewhat limited in sky mvri~}’~, t, (IL Id
give invaluable statistical descriptions of, for ( ~.a!c[~l , [Ilr
morphology of distant galaxies, or regicms of J t’( c1 I 5141
format ion  ident i f ied  f[om the prcscncc of ho[, )’(ILIllf  , Ll\’
bright stars. Studies of the changes in variable objc, (s. f I(I a.
active galactic noclci or cbromospherically  acli vc siti( ~ o t I I I i(
scales of onc month, (the repetition period of t]l<’ SUI to ), I:(,uI(;
also bc conducted. A most interesting avenue of st u:ly h? I,t-r II
identified for the pointrd  telescope: stellar scisr{lld[,i,s U<III},
p r e c i s i o n  photmnctry.  Prec is ion  photomct! y bit. t,:c, 1111  ~~ >1
relatively routine proccdufc  for g,round-based, tiu!f,rl~t:ic  ill)
operatecl telescopes in tbc, visible region. Asid( frulri IIlc ;I1, 1)()
to observe in the UV, which is intrinsically molt  va~lat]l 1 hall
the visible, these observations would bcncf][ frwll ttj( lf~n{,,
uninterrupted observation periods (up to two u’cck<) V;II +:1) fir[
possible from the lunar surface but not fronl lom 1 {fill o t )i t
Thcsc. observations would provide insight inh, S.:,<I,IIC i il,la
tion of stars, convcctivcly  driven oscillations, aTtd [l),: III .Q rm(
of star spots. On longer time scales, they would I oovldl.  d it;, o]!
magnetic cycles of other s[ars analogous to tbc surl<l,[,.  c>cl~ c,f
our own star.

A disadvantage of the transit telcscopc is tli,  f 1>.r, I rIrt.
gration time set by the lcngtb of time it takes lIIC [rII/,{-: I , ( I(,s<
the field of view (10, OOOS), This drives tbt  dc<i~,[,  ([ l;tr~,c
aperlurcs. An ecpratorially mounted tcles.cop{ OICI( w,, . thi~

probler, ) al the expc.[lsc of in t roducing more  compl icated
mccllallisnls wbicll nlus[ survive and operate in the lunar
erlvilorlt!vmd. I)csi~ll s[udics bavc not be.cn comp]cted for such
atl ir,s[l mncnt but clciirly it could bc made more compact and
liFhlcr Power and (Iata rcquircrnents would bc similar to the
tr~r)sit tclcscopc, 3 hc cost would clearly bc a function of
a]jcrlulc size, al[bou~,,h )Iot nccmsarily  a strong one, since the
conlinalld and data haldlillf! arid power systems are not related
to al,ej!ure..  l’crhaps the nmin advantage is that this type of
telcsm~v letlds itself ][tos[ readily to incorporation into an
irllrl fcl<mmtcr arlay,

IIec hn.~l.ofhy Needs

lit:i<ic  cliff’lcul[y fficirl~ both these instruments is the provi-
sion of powel, cspccialiy  durin~, the lunar night. If RTGs are
no[ availabic  or) the lunar surface, the instruments may bc
rcsll icl~d to opcratills oJIly durirlg the lunar day. They would
then b: placed into hibcrllatiort during the lunar night where
they v.mrld require o]ily mininlal  power (10-15 W) to keep the
clcclrot[ics alilc,  1 )ayli~llt operation only is a significant
rc.strict ion. A second ])1 oblenl affecting the transit telescope is
tlw dewlopn~cl)t  of Iayc-area curved detector arrays. A second
prd)lel]) aftectinF, tlic poi]ltccl telescope is developing mcch-
allisl[ls w,hictl will opcr~tc in the lunar environment with its
tlwl!nal extremes a(d  abundance of dust, both electrically
clbar};etl  ancl unrhaq’,cd III this respect it is important to note
that comperlsa[ir}r,  for tbc slow lunar rotation places these
nlcc)iarlisms in all a w k w a r d  rcp,ime where it is difllcult  to
gcllcrdlc sntootb, slow IImtiorl, This area is a prime candidate
for tcx tlrlical irlrmvatiot),

U] ,ctcrstrit d the cliul Iial tbcrlnal cycle and the efl-ccts from
the ILrr,ar  dust (for n,cchanisms and scattering).

“t%c transit lclcscc)lw has a lnl aperture, which is close to the
lovwr  Ilmit for scicrltifl(  uwfulncss,  a 1.4° field of view and is
OpCI  atcd at a flacd declination  which limits sky coverage to a
few pcr cent. 1 he transit tcle.scope, by virtue of its design, has a
f,~cd ~,ointing  dile({ior] which views a swath of the sky m the
Moon rotates about Its axis. In c)rdcr to maximize the exposure
tir,if IIccdcll fol a decll survey, tllc te]cscopc operates by clock-
illp, Its WD clctcc[or sit a rate. wliich matches the motion of the
irrla::c- of the sky across the dcteztor (0.5 arcscc pcr see). In this
conflfuratiorl  the. (rack of a star across the f]eld of view is
sliF,ldly crrrievj; tlie dc~icc of curvature being a function of the
tclc:.c(q,c’s  dc(-finatioll. (’onscc]uently, the WI) must be cus-
torl) drsigncd  so that the pixel rows arc not rectilinear but are
c or let: to mfitch the tl fick of the ta~,ct. I“his scheme limits the
(elc.ct,j,c  to a sin~le clcclillatiorl if cross row image smear, which
ncF,Acs tbc advalltaF,c  of synchronizing the star motion with
tlr dcmtw clock inp,, is to bc avoided.

(:a],abilitics  cm be increased by more sophisticated
Jmitltitlg schc]ims, a lti~cr  pri~flary, or extrmsion to  an  inter-
frlonlclric  all~y.
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lnfrarecf as t ronomy f rom space  i s  curIeIJtl)  i!ill II ils
i n f a n c y .  Scve.ral impoltant  space infrarecl otwi valofi( . \,ill

soon hc launched or arL- planned for opcra[icrll  ir] Ill<, f~,st fc~,.
years of the 21st century and will make major CWIII ilm{i ,J1.. t,]
t h e  scicncc. I’hcsc cur[e.rltly  plannecl observatoncs,  all of ~ K,.i{:s[
size, less than S5 cm diarnetcr, with useful ]ifctilll,:. ()[ 1 v,(, 01
three years at the most, will leave many kllowl~ }111}.>1  .i!])t

questions unanswered and will certainly II,ak( [IISLVI  ( r Ir>
dc.manding follow up with additional space irlf]arcd (( lc~ .OII:S
The limited capability of the planned spare inf,til,.1 {.,t,,rl
vatorics n]cans tha[ very ctlectivc  and useful C)IM ~ v,j}or I s ((II
the early 21st century riced not be very lar~,c o! 1 >.},{  )s}~ r,
Long livccf, one nlctcr class or smaller infrarecl ot,sc[ v.+t(,ri s { +1(
make major contributions for moderate cost.

The vacuum of the Moon provides the. ncc.rkd crlvlt[wr(t{ rl[
for sensitive infrared observations while the solid! [\ {, ! I,c
lunar surface and its proximity to Ear[h elimi(latrs  the Im i I ~u
some of the struc(rrrcs and systems needed fot fr~c or 1 [I 11~
observatories. Space infrarccl astronomy could lake z(l}a I t !:c
of the stability of the lunar surface for opcl ~tiwi of 1 a~),(
intcrferornctric  arrays and la~cr fiiled-aperture IcIIs(.o;K.<

A sinlple, low-mass, one-meter class, r!car.irlfrfilc,l I )] .4}
observatory, suitable for emplacement on the h40:l] ( ill tk. [)( t I
phase. of lunar utilization, is clcscribcd bc]ow.

&irmtific  Obj~@&s

Rcquil crncnts o f  low cost, low rnms and rt.]lml, ,  10:,
scrviccab]c o p e r a t i o n  for t h e  n e x t  gcncl ati~,]~ (,I 1 II t I
instrumen(a( ion drive. the. dc.sign of an in fralccl (]bstr i,itcu ~ I t,,
the sirnplcst kinds of usable instrun]cntation, A  UW(LII  ,I!l{i
important observational program tha( can bc car ~ ie(} ():, \ it t t
this kind of “suitcase scicncc” includes deep, vrvy vr[lt ; i c.
surveys at wave] cng[hs from 1 to 10 microns. ‘1’Iu< M i+~(  ICIUII
range is easily accessible from the Moon with a ICIV! I LU+
observatory, and tbcre are no planned space obscl v,iI(IIIcs.  \ itll
the capability to survey more than a few hund~cd squtil, dip :C.
of sky to a significant depth over this band.

Very wide area s.urvcys can bc used to a[tack a v:i& i ~r J ,!>
of problems. All-sky surveys which address nev. v avvl c It}:tl
regions or previously unac}jicved sensitivities cu bi~hcr s~,z la I
resolutions have always berm priceless sources of s( icr{l if I( d [a
l?rc  very low sky background of a lunar obscrvatot y awl II(
high spatial resolution atiainab]c  with a 1 meter dlfirljc [t I tc !t
scope with no atmospheric clistortion would allow a sipl~l( IC nl
irnprovrment  in sensitivity over planned 13ar[b b.iw,:l s~l vc )s
from 1 to 2.5 mic[ons. The large amount of ob.wl  iillp til(l{.
available to a long-life facility would allow swvcys to ( LI, [ i
much more sky at high sensitivity than will have }wcrl IKI \sil Ir
with precursor space IR obsmvatorics. The unbiased rw{({lr(  (If
all-sky surveys is a powerful aid in the. statistical irlitrl)[c  Iii[i Iii
of results, alld the inclusion of very large areas allows ci{,t[r [i, I],
of rare phenomena, All-sky surveys are an archival slia~i sII()! ~ )i
the universe which bccorncs an essential data iwiJll i~l [I, r,
investigation of time varying, phenomena such a III tIII. {
motions of stars, detection of Kuipcr belt objcc{s, ril(ltm(,. f

i[l[(rstcllar CIOUCIS aTid s(cllar dust shells, variability of stars, and
scarcli for super I)m,ac, 10 narrw a few.

St,rne speci fjc ~,c,al< of a nc.ar infrared, wide area survey
}voul(i bc:

● SIUdY  of ICW:-IIMM  stars aucl, possibly, brown dwarfs.

● StLICly of ncw]y i or nwd and forminf,  stars.

o Scarc]] f(}r atld p[}tcll[ir+l ll]c.asurcn~crll of “dark matter” i n
j,:ilalics  and c[o<[cis of galaxies.

t Study tht t,irlll aIId evolution of normal galaxies.

* llr,derstarld the r(]]c of ultrahrminous  and hypcrluminous
falaxics  ir] the early cvolulion of galaxies.

● Aluasurt t}lc spatial correlation of high redshift galaxies to
s[udy ]arpc scale structure. in the universe.

hfa!ty nKne pr ublcIIis coulcl be attacked as WCII. 10 be sure,
t}]c cur i tntly  plrmt)cct  space inf[ared obscr vatorics will address
marl! of these plot)lclli<  al~d will lnake gieat  strides toward their
solutio  J~ nut, a clwp all. sky survey will allow follow up work
fol IJ,OJC  coniplctc VC(  if’wsttion of results and can approach some
pr~lt)lc]i<, such as the r]mw and spatial distribution properties of
low IIMW object<  irl tlw C;alrixy and detection of very large scale
strUCtLlll. $ ill the ullivt IK, with much greater thoroughness than
tbc cllrlclttly ]~lallrwd rcstlicted  area surveys.

All ol,scr}’srtim}s fl 0111 a survey instrument such as this might
not 11.:ccssarily  bc ct.mfllwd  to wide area surveys. Smaller
surveys to g.rratcr cjrj,th than the main survey might be
pcrfw lrt{d, rirlci  nulx.inwlil  s e n s i t i v i t y
irldi~i(iuiil  ot~e.cts could bc d(JJm as well.

lrts[rurr~j)( .IMI hlii$iorl

A rmti! infrawd sky sur vcy observatory

observations of

operating from the
Moc,tl will nccct to provide a poi]llirrg system to direct the telc-
SCOI)C  to the clesircd locations on the sky, cooling for the
dctec(ors ancl lhc tclcscx)iw ancl electronic systems for data
C’ollt’c’llorl arrcl Iralls]rlissiorl [o E a r t h . In addition, the
(Ibscl v;i(~,ry nlust f,erlel atc its pov,er and control its temperature.

‘IW pointin~  systcrll call take advantage of the slow rotation
late of t}lc Moc,n,  0.5 a[csccond per second, by using a transit
[y~)c nlounting which c,r]ly provides for large motions along
tile rliciidlfin, If a nor(hcrt, and southern pair of telescopes is
used to pc] fornl a full sky SUI vcy the range of motion needs to
t,c. a I,il [~ver 90 dC~.Ices. ‘lhc cross motion to compensate for
lurrat ~otal ion (:an bc proviclcd by either an internal scan mirror
(u a tangc-l{t arlrl to move the wbo]c telescope over a range of
\ ar(lr)inu]rs  of so to acco]rmic,datc exposure tirnCS Up tO 500
srcotld< (’ur[c~lt irlfrartcl CICICCIOI  readout technology does not
allow st[il~irl~ of the acctt]nulatirtp image electronically for
ll~otio]i cwrllpcms~ticm,  a< do oi)tical CCD  detectors. A suitable,
s;,acc-qual lflecl, cryogelii( scan minor mechanism is current] y
l~;inf flov;rl cm the }irt,~,call  1S() tc]escopc. Level ing and
a ~irnu[}l ad 1 ustnlcn[s v:ill bc ncedccl  to operate once to align the
t, lescop~ lIIoutIl Wi[h the lUIISLI  rc>tation axis to an accuracy of
allout a!, z.lcn]inutr, ‘I’M rar]p,c of fme leveling and azimuth
rllotior] cat, probably hc ICM thart 10 degrees.

I



An operating wavelength range of 1 to 1(1 nli.1{~)1$  IS . 11(1:11
bccausc efl”icicnt s k y - b a c k g r o u n d - l i m i t e d  (,[~cl,t[ic,l (i~I I l{,
Moon can bc attained with a tclcscopc teni],,rdlu{[ of 7(1}( a Iii
detector tempcratrrrcs as high as 30K. These hmt]ILIi(u  i. L HII II
rcacllc.d with currently available. cryog,cllic UWIC,:  O( riiod ,1
mass and pcrw’cr rcquircmcnts  or by passi J c I it(h ~111 c, I(II i 1,f
during the lunar nigl)t.

~’hc focal plane would consist of InSb arl~ys l{) d( :c< 11011  LI!
wavelengths between 1 and 6 microns and qllalttuj[i v. It] aII~ 1A
for 6 to 10 nlicxons, ‘Ihcse detectors arc selrcw{l i (,J tl, cil h,, II

performance at [cmpcratures  around 30K A fo[al }! H),, I(MJII II
at lcasl as large as I024x1 024 for InSb atxi 5121, 5); Ill tlL
quantum WCII is dcsimblc. InSb is a we]] ctcvcloJJrd ~m I,l[rll(,,  >
and a mode.s[ incrcasc in available array siz( iroIl, 51 :’}.!, 1 ? to
I024x 1 0 2 4  w o u l d  a l l o w  constructiwl  (,f a (u~?’ pla[i
Quantum WCII  detectors arc under dcvclo}u)wn( wilt] c>,istl f
test detector arrays. The currently avail abl!: ( t~, 1 ( ~ J( t icl I IYi
dcte.c.tors, Si:As and llp,C.dlk, have too lay,c ti d+lk c, II( :It 1 I
requil-c cooling 10 SK.

Diffraction limited performance at 2.S JI)tcIfm, s! (l~llil I L
attainable for early 1 rncter class Ic]escol,rs (I II th F,’!(),1:

Lambda/diameter sized pixels, which provide :+ J, ((( ~]18”{
sampling of a cliffrac(iorr  limited in)agc, arc c)!)t:~i[t~.ti }, it}) fi
final f/ number of 16 fol 40 micron pixel s[lac il,f,. ‘1 l~ls sI{c~ i,
comfortably acconmlodated with a St~rl(lil  ILl c ul~:lfl  I

tclcscopc which locates the focal plane col!~cl(iclt[l} f II
cooling and bathing. A1024x1O24 forlnat array (If l.roldail)
pixels ona 1 mclcr tc.lc.scope provide.s an 8.8 -AICIIIII,U(,  s(:mr t
field. As discussed later undcl- Observing Srrj,:t!,( I(., v I

spatial Icsolution  OVCI a larger field of vicv.’  J[lii)  tx L(’$IIatI\I’

for Ia[g,e-scale surveys.

Read out ofa I024x1024 array cvcry 100scwlili!  awl dI/:1
tization to 16 bits produces an uncompressed ;?vci,,~,, (,a(: ri<
of about 170 kbps. lncltrsion of a 512x51? loli~, v:w. cI. IIfl”I
array read out every 50 seconds incrcaw thr tirti+ 1<11. t!!
250kbps.  Furthc.r  inclusion of observatory tlouvkr([,op ci>I I
and application of a modest data cornpressioli  sh(jlil(l lttl, [t, .
avcrag,c data rate requirement below 250 kty, s for a t~ o i+l]~,

observatory. A 0.25W X-band t ransmit ter  W)III i (I  ‘ 111~111
diameter antcnn awill dircc.f 2Mbps  into a 10 ntch’! ;Ir,l)l] :, 0
Earth requiring 3hoursof down link timcpcr dayfi!)d :’7(; I, c1
s torage  pcr  day  of  dnta. E x p o s u r e  tinlcs lwipcl t}ItII 10[”
seconds will give propor[ionatc]y  lower data lalt Ht]d sI~Ird~
requircmcnls.

O b s e r v a t i o n s  i n  s e v e r a l  ditlerent  COIOI, iiIt ~wk.i t
undertake a useful analysis of astrophysical nwawt< IEIC 11.s (1,
to 8 broad photometric bands arc useful fro])!  I tu “IO }ili~ fwI
and  srwcral nar row bands  would  isola(c i~llpo]i~rli kIIIIVW
emission and absorptio]l features. ‘1’hc sclcclcd band~ (aII b. IS:
latcd by beam splitters andtixcd filters ovc! WII<IIC Z+ IIHJ.. fl~c i
filters ovcrpar(s  ofarrays or bymultipl  efiltcrsiua  ijltc vlIc(-
Largcrnumbcrs  of bands can bcvcry useful k~i(iitlf](i’1)  bu

will rapidly dlivc up the comp]cxity and data Iat(, alril ~clw. {It
cost, of the c)bservatory. A  m o d e s t  frrs[ {]llsc]ii~i(,i)  ((IUII

certainly n]akc very goc)d use of as few as thrc,  01 lLIIJI  :. f\ I.IIa[

band passes which could bc imp]cmented with ]Io trl{~!’jr,r i,.~rl~
The impacts on data rate and sky covcragc v,,, lifcl, rl,c 01 tt,

choice of hands a[d  their implementation will bc discussed
tlntlct [)bselvilis,  Sccllari Os bctov+.

I)ayti[m: allct Ilif,httimc opcra[ing, rnodcs are feasible for a
l.]r],tl i]lfIarcci obsclvatmy. I)aytime  operation requires carcfrrl
thcl]}]al clcsip,ll pl~l\Icf]igcrtitors  al]dthcir  powcrsupp]ytO  COO1
ttlc tclcscopc allddclcc[c)ts  to between 25 and 30K but dots not
Iccjuire a sig[)if]crtl)t batkvy. Nighttirrlc operation allows much
srnll)lcr thc)~nai dcsipn and passive radiant cooling but requires
15 days batter)  p(I\~IeI, ‘1’hctwomodcs  have equal requirements
l~)r corr)l]llrriic~ti{))l sirwc[hc  Iiarth is essentially stationary in
die lunru sky.

Jor  day[illic c,~rrfition a shield ag,ainst  radiation from the
Il,n:+l sur(iicc aud pcwd thcrllial design will keep the telescope
OL1[(l  shc]l al ]97K irl lonar daylight, Acryogcnic  cooler deli -
wri[~g, S w,at(sofcoc)lili~,~)ower  keeps the telcscopc  bathes and
millurs cc)o]cci to 70K for a power consumption of ’200 watts
ald antiwc,f 30 k~. A sorption cooler weighing about 7 kg
ald consuniil)f  30 watts COOIS the detectors to 25K. Such
cf)c)lcrs alrcw(iy e~is[ Some models have bccn space qualified
a]lcl others will soor} follc~w. A Sunshade for the telescope
aimiurc  IS required to contrcd  the heat load on the cold parts of
ttlc Ielcscc)pc, No f)xed Su]ishadc g,eomctry was d i s c o v e r e d
whi<tl cou]ci  prc)vide ICWI  enough heat loading. A tracking
Il)c{tjanislll fol the sunshade will probably bc required. The
total pcwvcr ccmsunll)tiori of the obse]-vatory should bc a b o u t
3!10 watts xequiril)r a ?.5 square meter GaAs solar array which
lr~c}.s the Surl durill~ lurtar daylight. Comparison with current
dtsi~[ls fol cc)ntporwnts of the SIKIF telescope and with past
ar(d cur~cr]t dcsig,rls for lunar surface equipment indicates that
(his cjay[irnc only ohscrvatory  could probably bc built with a
m: Is\ ]CSS  ttta)l S00 hp.

lornif,httirtle operation aground radiation shield is still
necck.d but c~yc)g,cllic ccmlinp,  rcquirenlents  are greatly reduced,
I’assivcrtidiant  coolins  can easily cool the telcscopc  and can
sul)[Ily sorlle of ttie coo]inp,  power for the detectors. A small
coolct is needed 10J the focal plane. A small, fixed aperture
shade is needed 10 control heat loads on the cold telescope
part.  q'}jeol)scr v:ttt)ry car[I)rotect  itself  fronlexcessivc  daytime
hcat)rlSby  pointinr  av:ay fron)thc  Sun toward the inside of its
Stmrlldshicld.  Active contrc)l  of radiators may bc desirable to
rjlailltirin roug,hly  urliforr[l  te[tr])craturcs in the warm parts of the
ot)sc{va[oly and to conf]g, ure the telescope for rapid cooling
duril,p evcnirl~twili:ht,  Anestirnatcd  85 watts of power would
be rtquircd  durin~ 14 days of nighttime operation. Light-
~,fip}}t b@tlcJles vitt] ar~ ene[g,y  density of 250 watt hoursfkg
would weigh 114 kf for this purpose. Lithium polymer
ba?trrie.s wjttl CIICly,y densiti~s in this range are under devel-
opnwllt. AO. fi5 square ll@c.r solar arlay delivering 120 watts
durirtr  daylifbt  is nccdcd, Mithorrt the coolers and the active
Sulm]ladc,  with a srtmllej ground shield and solar array and
discountirlf  the Inw$ of batteries needed for daytime only
o],:lti[ior], a rlip,l]ttintc or)ly observatory would probably weigh
40tc,  501. g rllorcthml  thcdaytimcordy version,

ILII1 tir])co[)criitior]w}c)uld”  require both nighttime batteries
ZII(I  (Iaytirrlc coolets  atid sunshades but would double the avail-
at}leot)scrvin~tirll{’. Thcnlassfo rafullti mcobservatorywould
llt(}bi+tlly  bc about 100k~,morc  than thcdaytimcordy  version.



A n  R1’Ci  power supply  for  night(imc  usc is ]mssit,lc bo[
pol i t ica l ly  unfavomtslc and more  mass ive  llIRII  tli{t(ll Its A

higher power RTG for daytime or full time LISC  I< also lir~ VJ. I
than solar power plus ba[tcrics, though it may be IINIJC JcIIa’Ilc

‘rhcrmal design of the observatory bccomcs si!,il )It I vi I I

increasing absolute. lunar Iatiiudc  of the obscl V*I(U  y sil (. 1,1
higher latitudes the solar heating bccomcs n:o~c c,,,}f, r,c,; I c
onc side and the shading of the sick clf the obscr~atw J 101 aT ii
the nearest pole dccpcns. ‘Ihking this benefit 10 (Iw e~t, c Ilt ( I
locating the observatory inside a polar crater for t otl<tall[ slIadt
is probably too complex for the initial rctulll of S( IUIII ifl(
observatories to the lunar surface. Constant shadln~ t~f [tlr
observatory flom the Sun and F.arth would recp)i t c p.wx  1 ~;!.i
communication subsystems located at some distanrc  fl (IJII I l]:
telcscopc.

Xxhn~l.~gy&lc.c.@

C)pcration of a passively cooled nighttirnc. IIlria) CIl,sc ii

tory requires batteries with energy densities of 20(1 to XI(I ~a f
hours/kg or higher. Lithium polymer batteric.s wiltl {his lIwi:r
lial a r c  u n d e r  d e v e l o p m e n t  b u t  w o u l d  rwcd t<, l,i III IdI

available. Quantum well an ay detectors are ncc,{cd f (Ii 01 t,
ation at wavelengths to 10 Iim with the coolinp p{,wcr ~vail ItIl(
to a small observatory. A&~ill, these. detectors a{r undri {}c > c1
opmcnt.  Mechanisms to point the tclcscopc  while opci d! it]y,  f[~
many years in the lunar clwironnlcnt  of dust an[l tl]c[ i ltl
extremes arc. needed as well m mcthc}ds foj nwili[  a 1111 III, I h:
cleanliness of optics, thermal control surfaces anti, potclitii  11>

the solar array.

Understand the cfl’ects of lunar dust and (iiullla” tt(cj I II:i I
cycling.

Awide area survey with a transit telescope requi[es ~ sim;,l(
and consta~lt observing scenario. The telcsc.ope’s lin{ of si j ht
would bc stepped along the meridian with the ~InH~r al ! 11{
detector stabilized against the lunar rotation ratf CIUJ, It/7 ! tit
integration portion of each step. The step size woltld I)(
between 1/5 and 1/2 of the f]eld of view as dic[a[cd t,, it 1 t
gration time restrictions and the desire to stlbsiill)l ,Ir b }
overlapping intcg[ations.  The ground based “Iwo ldlcr~,]]  All
Sky Survey (2MASS), currently under dcvelopl, i{:j!i, I w
demonstrated the utility of this survey method. StIrl ~v(li(lwcr
constraints (>90 degtccs  froln tbc Strn in the case of ? !) IF IILI i 1 [t(
only observatory) would prcwcnt viewing of the WI IOIC sly  o-c
each lunar day. As the Ear[h moved around the SUII III( ‘.L)
outside the Sun avoidance constraint would evcnturilly I t){.] t ci(
all of the celestial sphere, and the full survey woLIkl  bc pie, r{;
together from a pattern of nlcridian  scans over tllr co~lt w O!
several yeats. Observations al night will have inhcl-cm[ly  hi~ I Ict
sensitivity than daytime ones since lines of sight awti} fr(ml  I t!{
Sun have lower background brightness bccaust th{:.v  1 ( ~ IJ
through cooler, lowel-density dust within the SolrtI  Systc]  i i

,4s discussed above, thermal control recluil I:IOCI  II\ J i I
probably make it desirable tu place the observatc)r, a[ a II IO(II

atcly hij, h lunar latitude, perhaps 45 degrees from the lunar
e.quaior,  }liplicl abs(hltc  latitude also increases the average
area of” sky in~tan[aneously visible outside the solar avoidance
CC,I)SII  ~illt in this cfiw t we observatories, onc at 45 degrees
noflti atd orlc tit 45 dep,recs south, would be required for a
cornl~lctc sky survcj, A location near the lunar limb, as viewed
froll,  1.al[h,  is also clcsir~ble,  keeping the Eartlt m far from the
local Illcridiall a$ possible while s t i l l  altowing  d i r e c t
cc)n}l]]~lllicati(>l), 10 ]UJUCC  scattered light in the tclcscopc.
Altcrllattly,  if a l)i~ht(il,lc only c)bservatory can bc designed
witit satii(actory  daytillic tllcilllal safety margin with tttc Sun at
Zeni(ll, it should bc ]msiblc tc) get very C 1 OSC to a full sky
strrvcy with a sin~le telcsco])c at O degrees latitude near + or -
90 dcglcr  longitu(ie in  twice the tin]c n c c d c d  f o r  t w o
tclcw’c)p($

“1’tu. ambition of the sutvcy undertaken by an initial lunar
obsc~}~tt~ly v,,ill be dictated by the chosen spatial resolution,
nunll}cr  of photon lr[ric I)alld$ cc~vcred, the available data rate
rind thr II(etitlic. Arl S.8 arcliiinrr[c square field of view covers
6.5Sc  to 6 stcr~diaus, lcquiril)g about 2,000,000 fields to cover
the full sky. A to[al in[c~.~srtion  tirllc of 100 seconds pcr point
on IIIC sly with 90 pe(ccnt efficiency would require about
?, 1 } i+ & stconcts (6,8 yca[s) to cover the full sky and would
I,roducc a scnsitivit} at 2.2 a~d 3.5 microns of about 4 micro
lanskys (uJy), 10 sig,t,la, about  150 t imes  the  expected
se.rlsi[ititj  at 2.? n)iclons of tllc planned 2MASS ground based
sur~e y, A pl tirti( al sw vey stratc~y would divide the total
inte~ra!iorj tinlc into ? to 5 separate pointiogs,  as discussed
above ,  a)d wcmld  r] !akc rlleawrrcrucnts in 2 or more bands.
Assun, !nj, dout,le COVCI ap,c of the sky, two 50 second points pcr
sky im:.i[ ton, the two isn fiy focal plane discussed above would
rcqui[t  6 S yca{s at an avcrap,c data rate of about 500 kilobits
pcr sec.nrl{l  to con{[,letc  a 2 band all-sky survey. If operation of
the Iclcsrwpc were restl ic[ed to only half the time (night or day)
ltlc cl(~ck titrlc for this survey would bc 13.6 years.
(’ontcn,poraneous  opcr atior)s o f  n o r t h e r n  a n d  s o u t h e r n
rclcscoj~c. would tralve this tirllc.

A srn~ible apportiorlnlcllt  of resources would bc to increase
Il,e f}cld of view to 12.4 arcminutcs  square  (1 .4  lambda/D
I,ixels), a<surrw tha[ either S()() kbps will bc available or that on-
hoar(i ]m,:cssinp  cat] b: tr<cd to halve the data rate and plan a
;l.t,an[l WI VCy o~,er 6.8 ycats of half-time operation for a single
obstr  vator y. ‘1’his  wollld reduce the sensitivity to 6 uJy at
2.2 UItI stilt 100 Iirllcs the ?MASS sensitivity. Reduction of
covertigc.  m hrtlf the sk} allows a 4 band survey in the same time
:md uwul(i rcmait, vcr)  uscfrrl scientifically. USC of northern
arid sorrthcrn telescopes would CUI t}le time in half or allow for a
~lbancl  sur vey of the frrll sky in 6.8 years, Other allocations
tould be Illadc to tai]ol ihc Stat total scientific capability of
[his obsei ~atory to inlp:~rlal)l astronomical question so its tirnc.

I’hc sur vcy scar! pat[et II could be inte.rruptcd for short peri-
ods to ot)ser vc tarycts out of nornlal order as the target crossed
ltw Illcridian. ‘1’his ability will allow some number of
(,bscrvatic,rls of ta~,cts of opportunity or higher sensitivity
(W2i Vatior  is. It will bc irrlportant to retain the capability to
il)tcplate  up to 500 sc(cmd~ for hi@l sensitivity observations.
‘ i ’his  rcaclm scn$itivitics near the confusion limit at 3.5
r[)icro]ls.



Many logical and useful extensions of a sill,p]c illl[l:l’1 1,, ) (ar
infrared observatory program are possible. Ialy( d)<:n,(tc[
tclcscopcs woulcl immediately make }iigher  slla[ial Its ,Juf 1[~/I
invcstir,ations  possible. More power and nri+ c:,ll,il>il .y for
coolers or human or tclcrobotic  servicing of c1 yop,:.[1 ~ M’, ILI]J
make long-term Operation of longer wavclr)~f:tl d( {c, ioJ ~
possible. More sophisticated 2-axis pointinp, c tipulIil II) iv{IJIJ
a l low obscrva(ions  off of the meridian whit.]] itll[,oj (- [Ilc
ffcxibility  to carry OUI diverse observation ~IIq,,I,i IIIs ‘1 ‘t,:
addition of spcc.trornc.te. rs, even to a se.ecm(i  ~,ct 1(,1~1 I N (1 f
simple tclcscopcs,  would greatly increase the (fip.allillly oj [hc
lunar observatory. Iclcscopcs  could bc placc<i in [,(,!I, c ,t,!~l~
with rcmotcd power and communication for c(m[ittu<~l]~ f~~. It vi
coolinr,.

Development and operation of an il]ter(cr~,lllt~lit 2,1a)’
especially for Iongc.r wavelengths to 60 or I(KI un), v,ml{i hc :
natural step in the development of inslrunlciltalioll t[l SCILII  1{, ]
extraterrestrial planets. It is expected that o],uz.ti[,ll (,’ liIr~t
interferometer arrays at infrared wavclen~th(  (u1 [lx LITi~\
surface will bc vastly ICSS complicated al 1(1 1(:<} Ii ,{11>
challenging than the operation of such arlays irl (Jrl,i “1 t!(
extension of inflarcd  astronomical capability or) Ill. hlrol]  1(
interfclomctcr  a r r a y s  niay bc a  d is t inct  blc,{k],:~illl  \ II(IL :
human or telerobotic  presence on the Moon bc,or,l(. d si[~b~[
and appropriate. Installation of arjays of tclcs(opc< aII I lhc,
associated optical delay lines is an exacting t,!<k aT~:; m i} Im.
bc accomplished by hmi]an or robotic rllc.al,s I;iIIIIi  it, a, b!

autonomous deployment.

Wi!aunrahmw

l’hc Moon is an especially at(ractivc  lcm~tior)  III] (.~l,iici
intcrfcron~ctry, bccausc the lunar surface p~o~JIiI.  : 5 I ,+ttl
observing platform wbcre the images arc frcr of il[}ll(,.l,!,(.11

distortions. IIy “optical” wc mean the brc)ad s[)c,~l(~l  v:il{lo~
from the ultraviolet to the infrared where ir,jfirlliy at ~}+ a[
available as the dc[cctors.

Ilrcrc  arc many applications in astrophysics al)ll p’lillta!l
scicncc wbcre m a j o r  b r e a k t h r o u g h s  wotIi(i I{su} 1101
interfcrometric  imaging with very high rc.soluliwi, s.+) ill tit
range 1 to 0.1 milliarcsccond. T w o  Outs! ?mcllllr C,iilr]dc
would bc tbc formation of planetary systen]~, wltcl~. illl+y.  c
the thermal emission from protoplanctary  clishs al~llill(; y.ILITII,
stellar objects could illustrate, for the first ti)lw, tl)~ ]U(IC( s, (i
planet formation; andqrrasars  and active g.alaltlc rt)l(lc,  }*.IJ{IL
images could show the structure of the cc[lllal rllj,i[,,:s [b;
power these beasts.

lntcrfcronletric  imag,ing would require tll{: cn)l,lzu  II( III (I’
dozens of telescopes. An intermc(iiatc  step tmval d. at, , t,,;,! i r,,
interfcromctcr  would be an astromctric  int( J (e! (I][IC{(,  N hf j.
three tclescopc.s would suftiee. Wth an astrmlrtl i(. III(L !si,,tl i I
the 1 to 0.1 microarcsccond, a variety of furldtll)( 111,11  C:t IC., Ii OJ, .

in astlopbysics  an(i planetary science couid bc addressed, For
cxalnl,]c, an optical intclfcromcter  could search hundreds of
IICaI by stars for cvidcl]cc of low-mass companions. This could
address issues such as the tolc of binaries in star formation (more
ttfar, }ratf the stars end UIJ irl birtaries), and the puz,zlc of why the
frcquci,cy of colnpar]ior,s appca!s to drop ofl precipitously just
al tllc srrbstclla{ dividlrlf, line (there are no confirmed brown-
dWtd Conqmriorl$  to stars). pushing to lower-m&w companions,
the saint ir,str urrlcllt could bc used to search for planetary
syslel] 1< c)rbitirl~ nearby stars (no other planetary systcm has
bcrn (ictcctc.d arouml a star Iikc the Sun).

A log,ical frrst SW], towal ds cstab]ishing  more  powerfu l
irltcr(crorlwtcrs orl the hfoon would bc the lunar emplacement
of two s]oa]l rot,otic telescopes and the demonstration that
fr ir)g,e~ could I)c achicvcd.

A (wo-noctc, optical intcrferomctcr  with telescopes about
10 cr,, in apclturc, atld a total instrument rnms of about 75 kg
could hc p]acrd on the lu]lar surface using a Med-Litc  launch
vc}~iclc, I ;acll tcic$co}r  }{,ould bc mounted on a mobile plat-
fol] n, possibly bawd or) the Mars Pathfinder rover. The lander
woJl(i plovi(ie po\vcJ,  romputing  arid t e l e c o m m u n i c a t i o n s
scri,iccs arlcl woL]l(i cm i y a beam combiner box, including the
dclay ]irlcs, corrlbirlcl  o~jtics and  met ro logy  systcm for the
illtcrfcromcter  “Ihc telescope rovers would bc tethered to the
iarldcc wilich would provide power and command and data
ba[,dl ]ng, to the tclcscopc syslems via a tether that also houses
tllc fit,cr optic cables earl ying the star light from the telescopes
10 rhr beanl conlhirtcj.

ATi  attractive larditl~  site is at the lunar south pole, where
solar i Illumination rl lay be year-round or nearly year-round.
‘1’lm Son, viewed frcull the iamiing site, would travel around the
ho! i~or~ once pe[ rrmn{h,  while the Earth would bob up and
CIOWII,  above and below the same location on the horizon,
stayirl~, wit}]in rwrttllwrjicalior] line-of-sight for more than two
wrwk< at a tin]c. ‘J’his Jm)pcrty of the landing site may make it a
~,wxf site to pcr-forlll rd(iio science experiments as well. Another
dcsir,tlllc tislwct of a pola! site is that the rotation of the Moon
would swing the irdclfelonwter  baseline around in tbe uv-
S,lznc, allowirl$,  for syrlthetic apcrhrrc i m a g i n g  w i t h o u t
rcquiling  rover m(wcn]cl]t.

“i hc telcsropcs  would be nlounted  to allow for coarse and
vc~-rlicr e]evatiorl and a~irnuth control,  providing hen~ispher-
icfil coverafic, arid allowing for very long observations.

‘l’tic scientific rctulll florn such a mass limited systcm would
IIC vcIy ]inlitcd, tbc ptimary  mission objective is to form
fr in~cs as pa!t of a fcw simple observations, as mentioned above.

‘1 o add(css tile astlonmtr ic scientific objectives, three some-
wilal lal~er trlcsco[)cs, c.s., of the 1 -meter class, over baselines
of 1 or 2 km, woulcl bc cnrployed. The evolution to an imaging
irl~cl fcrornctcl would irlvolvc the en]placemcnt  of one or two
(Ic17.c II n]orr tclcicIopc urlits over a somewhat expanded area.

7



hatiilQItlKtti ! Mailing TIIE 1 i(”QN<?MICS.<U;  REUSABILITY

Magnc[osphcric  Imaginp,

An imaging array on the lunar surface wcmld SIllov I c] ~ CI:C
.wnsirrg of kilometric radiation from magnetosphcr!c S{ I ucilrrt <
and would image the localion of the radiation c.rrmm!illf i ~ 0)1
the magnetosphere. An image made of this radifi[io[l  flwll II, (
lunar surface from a 100-km instrument allows a frv, -dcj N,
resolrr[ion of a struchrrc which can extend over ttx wlml~ s) \ ,!
seen from the Moon. 10 study aurc)ral kilonwtric  r:~:ilt’i<,l
(AKR),  the ruost powerful (but highly variable) {lf } a~tt, s
naturally occurring kilometric radiation, it woukl b: rll-{ c~...:~l }
to view m many diflerent  frequencies from 20 t{, 20(1 ~ } 1 ~ .,
possible (--20) over short time intervals (-- 1 see) tlI IOLIF,  II(IUI III (
hours-lorr~ period of the sutrstorm activity. Obscr \tit iol,. i C( (1

not bc co~itinuo  us, buI should sample the AKR aI ]ci,ulaf t, !m . .
throughou[ a substorm.

The AKR is prc~duced in one Iocation close tc) tlic I.{i(’ih ?II(I
varies nearly the same in strength over a virlc 1,tn$( [If
frequencies. s If possible, inla.ging at diffcrcn[ fltqucll:  JC< .,v, ]
times short compared to light travel times W(IUM I(?vr tll v
advantage that light-tin)c  propagation e.ftc4~s alolir t} <’
magrrctotail could be used in addition to o[lwr ],.!r<l, ICI(  ~~
changes to study the intervening structures.

Other types of kilome.lric magnetospheric  rdlat io], w II i, II
could bc imaged from the tunar surface include radlatl(~]l ] 10]!
the 2fp line, which occurs naturally near the bov sh( N 1 [,: t] I(

Earth, ancl JWC (non-thermal continuum) raciiatio)l ~+lli(  : I.

present at a much lower level in the magnetoshca[h IL}! io ( ,f
the magrtctosphcre.

Solar Radio Burst lrnaging

‘flrc di ftercrrt t ypcs of solar radio bursts ct, srr vc,~ II, t ~,(.
kilometric range and fornmd at the local hcliosl,l]cii< I,]. w,-:
frcqucrrcy (or its harmonics) would benefit flojl, i][m~,l,~, ‘J’!,.
strongest radiations at F.artb are from type 11 I r~:iil I t ,1! St \
caused by high-energy clc<lrons which rrlove througli S]O[ { a,d
occasionally engulf the Iiarfh. These take arlyv:llcrt f [ (U ;’ O
minutes to several hours to travel from Sun to Ikif th

Of perhaps more interest for sola~terrcstrial  sluclic $ :il c I y I ,C
II radio bursts, which can take several days to tmvcl tl,c d i SI +11.  (

f r o m  SUJ1 to Ear[b anti a r c  a s s o c i a t e d  witl, S}IOC 1. t a$ c.
propagating in the intcrp]anctary  medium, I’his liil[cl JtdI ,ti~ III

has the potential of bein~, used to forecast the 1.ar[tl- :4( i iv. I [f
the fastest nrms ejections (which accompany the II I) a~l(i  : I c
known to cause lary,c substorrns on Earth.

kLshmmtMIK-.Miss  ion

In essential details, the description of tllc A\[T~Tp!I!  si. it
Low-I-’requcncy Array is applicable.

fks.r-vkw &c.wriQ

Observations Imcd not be continuous but should s;4111]Il: [t r
AKR at regular times throughout the. subslorill.

‘1’hc. crommlic  vel diet cm whether reusability of rcmote-
sensirl>~, awcts is of sip,rliflcance for lunar planning awaits
dcsip,n$ with enough detail to bc costed, and (hat level of
infom,at}on  is not prese]l[cd in this exp]omtory paper.

Nevr~lhelcss, it is useful 10 consider what principles might
come into play that ccwld lead one to expect savings. A
schclllatic of t}lc concel)t is showti in Figures 1 and 2.

‘1 ‘he altalysis behind these f]p,ures is exceedingly simplistic
irl its fissumptiorrs, but it e~pcmcs  key dependencies and gives a
rourh  cfl cm of vllat r]lust bc achieved in  order  to  make
rcusahili [ y cfi’ective fc~r a series of lunar missions.

}’J}IUICS  ] siTId ? @VC clualitativc pictures of what Onc rrlight
call the “pure Watcp,y” for lunar-observatory reusability
(“n]ixtcl” and “fOCUSd” s~ratcgics will be introduced later).

“l’h? awut[lptiotis inlmrc],t in these pictures are:

( I ) N is treated a, a continuous quantity rather than
aw.unlirr[: clisclctc (iritcgcr) values as it dots in reality.

V) ‘1 ‘he COSL, 1<, of fr cc-ft ycx missions is the same for each
mission in the smies. I’his need not bc the case, since
fjec flyers could tilso utilize a reusability strategy
(robotically  irliplcmerrled o r  t h r o u g h  t h e  a i d  o f
astrorlauts). 1 lowcwer, there are certain scenarios where
tlw h~oojl CIOCS  al,pcar to have an advantage over free
flyers. } ‘br e>.au ,~,le, multipIe  spacecraft formations (m
in intcrferonlctric  arrays) tend to disperse over time due
to cliflcrcnllal solar radiation pressure on the
indilicluai vehicles, Another cxarnp]c is given by that
uniquely t~o clirnc.nsional  creature, the lunar (or
~~lanctat y) rover, WIIOSC  three-dimensional analog is, in
many ways, ]Imrc ccm]plcx. Also, the repetitive lunar.
statio!] to } ,arth - station link geometry makes the reuse
of Con]r[]unicatiolls equipment attractive. Finally,
rcpctitivc  Suti allcl lunar-station geometry facilitates
]dar]rlinf.  fot tbc use of (predecessor flight-system)
shadr  pa!icms for (successor) tbcrmal control.

(3) ‘f’trc cost, F’+ }1, c,f a ser ies  of  independent  lunar
obserialories,  with the. same scientific scope as their
free-flyer coul,tcrparts,  is the sanlc for each mission in
the series and, also, is 11 dollars per mission more than a
free-ffycr, the lur,ar handicap (gravity well, etc.).

(4) In IIIC slcacly state, reusability could drive the cost per
mission to as low as R > () dollars below free flyers.

[S) ‘1’here is a pC nalty of F’ dollars per mission in order to
cquil, the. systclll for reusability.

r’6) ‘ITIc COSI f)CJ rcu<ab]c ntission decreases by a constant
fraction, k, of the sparl hctwccn top cost (F+}I+P) and
bottom cost (1 -R) fc)r a reusable observatory.

(7) Morwtary  iuflatior, is O over the time span considered
(or countcl cd by technology increase).
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Figure 1. If assets from previous lunar obscrvaioriw CM I t I; (iliiii! 1!1) reussd hy subsequent obscrvatorks, the cost per investigation will
decrease. The curves are idealized in many ways includ[llj,  k c(l’iv~liwce,  rq)rcswtation  01 the Iwsahle  case by a smooth curve rather than a
chain of steD functions. Thc horizontal asymptote acr(mr[!~, k) H: ffi[ IS that there are always COSIS  ?ssocia[ed  with a mission and that emplaced

Total cost of series
after N missions
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Figure 2. Integration of the curves of Figure 1, The poinl N, /!; [1 ‘I~~c,i,  wen’ rwnlt~:!r; if NE, or nlore i)arlially Icusable misQons  are flown, the
total cost for the series will be less lharI for a si[l Id SC: $ of iltdcpc[ldcnt  free flyets. See equation (8) for N. I
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1

Wth C denoting the ccmt pcr mission and s!lt,s(.rj],t, 1: ] I

denoting reusable lunal mission, free flyers, and IIId I:j IcIIcl.Ii[
lunar missions, rcspectivcly, then,

C ‘ ~ (N) :. (11+ 1’+R) CX[l (-k(N-l )) + (F-R) (1)

C’F(N)=l: ( )

C’l(N)=F+}l (’)

dcscribc  Figure 1. lnkgtalion of  (1) throuf,h (.1) pluird( t Ilc
analytical dcscrip[ ion of Figure 2 (with C, no 1)1 IIIIC, d(II, [i I If
the cumulative cost for the series).

CR (N) = [(ll+P+R)/k]  (]-L?XP  (-k(N-l)) + (l:-R)(N-l;) <
F+ }l+P (’: ]

CF (N)= FN (:)

Cl (N) = (k’+ }l)N (()

The break-eve]) point for lunar invcstn]cn[ OC, u,s v, t,{,,

CF (N)= CR (N). (-i  1

A figure of merit (an api}roximatc version of cqua!iil)~  ( /)) ii
obtained by solving for the intersection R of (:} (F-!) aIIC tfll:
straight-line asymptote to CR (N):

N=(H+  P+ R)(l+vk)/R, ([;

The smaller that ~ is, the. better. Some. tabulal r~-sulls p ,L i,
feel for the quantities involved. The cost unit li takI. il I t,,.
F=l.

.—.——-., . . . . . . . .
Parametric
Case H P R k ~ Ni . i~

—.. —. —-. . . . . . . J
1 0.25 0.?5 0.5 0.1 19 :’/
2 0.10 0.10 0.5 0.1 10 ‘i

3 0.10 0.10 0,5 0.2 !) [
——.———.. . . . . . . .

Table 1. Examples of break-even points NB in terms of nm:h:!  p? IdIIt ‘IY:
For, N, the figure of merit, see equation (8)

It sccrns reasonable, fjorn programmatic and cnf ll)t{ I]LI:
institutions, to require NB s 5. Thus, for one. lm~IICII Iwi ~ cal.
the break-even point, NB , would be reached in flvc y ,+rs of
course, there arc many tradeoffs to bc conduc{ed lw[ [b Is

constraint on N and inspection of Iablc 1 shows Illat c“aws 2 ar[;
3 exemplify viable paramchic  values. C)f coors(, no c ti<l ]t[ t
has been presented to show that such paramcil i( \ tillws a i
attainable.

Mixed Slratc&y

Although the kinds of numbers (lable  1) IIMI SCCIII  1(, t,,
n e e d e d  i~l ordcl to p u r s u e  a  p u r e  stratc.gy and a:}, I c I ~

ccorllmlics of reuwbi]lty in a reasonable amount of time are not
“sctily,” it cannot bc said, without much more design and
arialysi~, w}leihci the cndcavol would succccd or not. Hence,
onc ]ooks for wsrys to alljclioratc the difficulties.

(hr( obvious s[ratcp,y is to lc)ok for parameters so that the
(NASA) cost is partially oftset Commercial prospects with
rc[~,a(d to the hloon have bcctl raised in the. past five years or so,
and it is not onrcawlah]e  to  contempla te  us ing  some
co[I1nmLially ctnp]actxt awets to lower the cost of missions. In
this L’s<:,, the lunar cljvirorlnlenta] handicap, H, would bc
dccrcasrd  and n]if,lt  eYCII PO negative.

NCJ I)unlciicfil  stuclics arc needed to illustrate the point that
the II,ixture. of conlnmcia]  asset sharing and reusability could
be cveit IIlorc econon,ically att~ aciivc than a pure strategy.

}i, cmcd Striitcp,y

If OIIC focuses (m crnai]l  kinds of scientific missions which
lcrd  thclllsc.tvcs in a Iiatu[al way to being augmented, then the
penalty. P, for reusability adaptation could be expected to be
qolle srimll, F o r  cxaTI,plc, adding on to an optical or radio
intcif(:rt,n)etric arlay would seerll to be an easier thing to do
than to Slrirlpir,g to~,cthci a clivcrsc series of investigations.

$[l}h’l\kJl  fJN~’HIJJ@~

Ir, o] dcr for a rcusah]e strategy to be viable, assets from
calllrj  clrtplaccrtml[s IIlos[ sorvivc the traumas inflicted by the
lunar e[, vironmcol.

A< a prclode to cxan)ining, the imprint of the lunar
erwit onr l]cnt on enxinccrinf, Systenls, some aspects of that
cr~virontltcnt  will be su[ilnisrriiwd For an in-depth view, the
book ~Jf IIeikerl, Vanir[wrt, arid l’lcnch is recommended.”

Lund! I..nvir(!rlmlll

‘l’he h)nar-cnvjronrilcrit chat] cnges,
of [crllc)tc-sc.i)sirip,  facilitic.s include.:
dust; II)icro]rletcoritcs; stability.

klfrlK’!3tU!I.Q

with respect to situation
tempcrahrrc;  radiation;

“lc]nl~cratrrrcs have bceil n}e.asulcd from Earth and in siru by
surfac~. l,tissions. Ihc rtinr,c of  tempera tures  on  the  lunar
cqoator is from aboot 9(IK (night) to 385K (day). The thermal
cycling of approximately WOK can bc significantly reduced
by r,,ovir]g frooi the equator to hig,her latitudes. In polar areas,
the alct~ge. tcnqrratorc dlops 30K o r  s o ,  a n d  t h e  r a n g e
contla:ls  markedly: to lrrhaps a 20K variation. Sheltered
polfiT cldlels call bc vfry cold  (c.40K) with almost no
flucluati[m. (of cool SC, [,owcr problems need to bc solved in
the abicl,ce  of Sunlight.)

1(,
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The hloon is crtrtsidc of the shielding cffcr[ of tt,c II .~t~h’:
rnagnctic flcld and, thus, is exposed to nlllch ot Ih ~.. tll 1(
radiation cnvironmcrrt as a deep space p] obc. sol, I \,.111(
particles, high-energy galactic cosmic rays, and IW, IILII IIwr~w
solar flares are the primary types of radiati(m t(i Iw CIII(N I(( IL+.

The degradation of electronic componcv)t~ is [to 1,1, lit !I,t.l
conscqucnc-e of radiation for robotic missions IU III( hlw II

Dust has been created on the Moon Ihlouph IIIr cot [itlitzl
bombardmcm[ of the stn face by micromctcmil(  \, II (ori o tt a
minatc optical and heal-sensitive surfaces a]]ci advcl w 1> iifk([

the movemc.nt of mechanisms.

Consickrablc  data has been taken, includilq! A] IJIII {IIIS’
expcrirnenls. (Also, the landing of Apollo 12 \ii[),ili 1 (’I(I r i of

The Surveyor 3 spacecraft resulted in the deposi I of’ (i.}sl , III I }It

optical nlirr or of the robotic vehicle.)

MicIomctcoritcs  pose a concern for pitt!ltf  of c> [m ~rd
optical surfaces since they arrive at velocities oi ~.1 IU I I I 5
knrlsec. Over a year’s tilnc, several hundrccl  o ,dr]> III [II 1 t o
10 micron range would be created on exposed 0[ )t i<al SUI i tic:,  ‘
(For reference, one thousand 10 micron craters V: OUILI o. c III,, 1
part in 10’ for a square nic[el.)

Although the. hloon  is much less seismically ariw ilI; I t }IC
Earth’, by many orders of magnitude, lunar t wclr(,. } I ~~ II I.11
readily available for observatory sites and shat(cic.:1 IL~ul th IS
the lunar ntaterial to be expected.

II
I

Irl Novcrnber 1969,  two-awl-one-half years later, the Apollo
] ? luflar module IOLIC}ICC1  down near the Surveyor 3 site, and
tIIc a~tronauts rctlievccl the television camera and some other
p~r  [s aftcl tlic roboti[  CI aft had soaked in the lunar environment
fo[ SCIIJIC 32 day/tli[:tj(  cycles.

l’lIc tclevisic,!i caIIwIa was dclivcrcd  to the llughcs  Aircraft
(’o]nj)any (buildm of the device) facility in Culver City,
California, and thcr(,  u~tdct Ihc technical direction of JPL
url(lct ~~ent a test ancl evaluation progranl,8

Bcfc)rr looking at sonic aslmxts of this report, it is worth
]wtinf that II onty tells a small I)art of the reliability story: the
tin,( },criod is wily hsilf of the five years discussed in reusability
sccl,ari[,s; the techllo]ogy involved is now quite old (e.g., a
I idicoll and elcctrorlic circuits that were not as densely packcd-
-fiIId, thus. radial ion susceptible--as today’s); flight systems
collsis( of nmrc than ctillleras,

Ncvcrlhclcss, thr rxpcricmcc has twc, virtues: (1) it is lunar
M<cd and not ana}yticfil  cu sinmlated,  and (2) the device is a
rclalivety  cornp]cx ]Iiccc of cnginccring.

‘ICSIS  includc(l:

~ Therntfil  control surfaces

~ 1 .Icctrical co]l)lwrtcn[s (resistors, capacitors, diodes,
t[ansislors.  r~c]ler]li(,lilctcrs)

●  hlagrmtic compcmcnts

● \’ldicon tube arid its clerncrlts

● organic n~alcrials

● Acfhesi\)cs,  lubricants, and seals,

AS a result of the tcsiin~.  p]-oF,ram the conchrsion  was (page
1-9):  “.., actually, thr cflccI of the lunar environment on the
spccifi( an(lrrialics ullcoy,ctccl ]rl the course of the program was
relatively rninol  “

Apollo measurements show that seismic tllc,t]c~~ If r ;S II I n
shifts of only a few tens of nanometers. Iiclal dcflc, fio IS (If
about  lmm can result over a 5 km baseline dw III II II;~I

libations.’
‘II) pive a scrisc of the anomaly analysis. Table 1-3 of

refrmm  c 8 is ]cploducvc!,  in part, as Tab]c 2.

Anecdotal coverage of this area is presented hcI c lw. iii).: I~IC

complex  lunar  envi ronment  played agairlst tl~c L II(II 111(1.I ~
spect rum of  poss ib le  sys tems precludes  ariy[hi II{, I f ;+
comprehensive nature in the space available. “l”hc iu[ellt i iI <I
to convey a feeling fc~r the. magnitude, of the. prot,lc]lii.

The Surveyor 3 spacecraft was soft landed or, tll:  hloo: I t III

April 20, 1967 in a small cmtcr  in the Ocean of SIOIIII<  ~, II ~.,f

the subsystems opcralcd successfully throughcmt the lLIII-r  di- y.
The television camera took more than 6000 phottIFI J]I\I~ o! (It
lunar terrain. The spacecraft failed to respond 10 aIIr JI III!. I ( I
revive it during the sccolld lunar day. (Survival of SIII ~{ }(I: \
through Iunaf ni:ht was not a design rcquirenlcrll )

Cle,tIly, as indicaled previously, there are many engineering
SySIClll~ tC) bc! C’onsidmcd  ald many environmental effects to bc
analymil. Continuin~, tllc srpp[oach  of this paper, only notes
will be provided to inclicate the nature of problems and
l,ossilllc soluiiom, ‘1’hwe  arem have been selected for this
trea[nml,t: electronic pari~, packtip.ing.  and mechanisms.

}Jet Ifonic parts

“lIIC I,rirmi}ml  issues aflectins  electronic parts reliability
ariw fruni radial iorj arl(i tenlj~raturc. The Cassini mission to
Satut[l i< dcsipnccl to tolclatc  a total ionizing dose of 100 krad,
and this flgurc nlay bc ]cl,rcscntative  of some lunar-observatory
sctl Im ios
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ANOMA1.Y. -  — . — — . .  .  .  .  .  .  .
Surveyor 3 Mission Anomalies

Inoperative filter wheel potentiometer
Occasional difficulties wilh stepping in azimuth
Veiling glare

Elfects on Optical and Exte[ior  Surfaces
“Mud-cracking” of exfcmat painted surfaces
Oust on filter glass
Discoloration and curling of teflon skirt
Discoloration of external painted and other surlac[ <

Open Shutler and Related Failures
(Burnt out transistor, shoried solenoid, evaporale:i vict w ~
photoconduclor, and torn grid)

Defective Electronic Components
Cracked glass case
Defective diodes
Shorted tantalum capacitor
Two burned-out obsolete components

Suspected Cold ‘AkId of Connector Shell to Shroud
Four Miscellaneous Minor Anomalies

——.— —----- . .

.-— . . ..-. . . . . . . __________  _
Eflet I of 1 urlar Environment.. ----- .._. -. . . . . . . . . .. +,..

f’linlary  Case,------- .—------  . . . . . . . . . .

NO

NO

Yes

M]

Yes
Yes
Yes

NO

Y(!s
NO

Yi!s
Ycs
No

Ycs---- ----- .— -.. . . . . . . . . . . . . . . . . .

.-
Secondary or Contributory Case

No
No

Yes

Minor, if any

Some

Yes
No

lhblc 2. StrI VCY(lI 3 “Ic!!>i l~i(~ (’amcva  Anomaly Classification

———.——. . . . . . . . . . ----  ,, . ..- .—. .- . . . . . . . . . . . . . . .. —— - ..c

The tenmcratrrre ex[rerncs present both at, t }1,{1  a I 01 I al Cal]ici f[ee.zc out, whict] OC.CUIS at low temperatures and is
reliability and radiation problem. Military pal M W; s(~c. if)(d
over the range of -55°C t& +125°C. C a r e  shoulci  t,{ I Ikl II t o
allow appropriate heat sinking at high temperztturc SLIIrl  [h Z[
the junction te.mpcraturcs do not exceed + 15[]’’(’. 1’, ill.lir
mcch-anisns  associa ted  wi th  high-te.mpcrat~ll c opt)  ,111(1!)
include thre.sho]d  voltage decrease and irw cit\cd Ic k<!~c
current  in  CMOS devices due to ion ic Conttilllin ,lil.)1~,
Electrornigra[ion  (of conductors) is alsc) exaccilmlcxi t,y hi [h
temperatures. l’hc. good news is that 111> (total iolli? i I,y (Ire+)
response typically improves with tcmpcra[ur{:  (111( {( It, ?
annealing of the trapped charges that arc inctLwrd by i {II) zi I IS
radiation. On the other hand, the trapped hcdc alllwtil 1) 1P n ( I y
cause “rebound” ( i .e . ,  the  in ter face  strrtcs JI,:iy I)(. o [ IC
predominant) and result in a degraded threshold v<,] I,IjK a I Id

leakage c.rmcnl. This effect is highly ~~roicss-(l{~,ctjcli[
S i n g l e - e v e n t  la[chup ctkcts b e c o m e  wotw al :11[11
temperatures. Sinr,tc-cve.nt burnout improves witl) }IICIt,sJiI~,
ternpcrat ure.. S ingle-event  ga te  rupture  tlfi\ III S’lul I~,

temperature dcpcndcncc. Single-evenl upscl\ 01(’1,1 Il)lllc.

frequently at high tcmpcrtture  for dynamic RAM, S(IWIIII(  , !,~,t
h a v e  n o  s t r o n g  tcmpcraturc  d e p e n d e n c e  fo] l~~:fl IjIC
structures (e.g., static RAh4 CCIIS, flip flops).

Low-temperature opelation  typically inipr(, }cs (’h!<}’.  {il

cuit opclation  in terms of speed and powc[, I)ut 1~(,[  C.IIIC[
cttects that can rc.duce threshold voltage bccot~w a]III:lI<,I[ :1[
low temperatures. Bipolar transistor gains also d(..~:lddt 2]Ip(L-
ciably at low tenipcratures  and arc even furthet csticcll,.t[( I hy
TID and, hcncc, should bc characterized priol 10 iIJIj II IC; !I( II.

tcc}IIIology  and pIocess dcl)enclent, cssential]y  prevents carrier
rccol[ll,]natiou and, hctlm cooduc(ion.

1], (onclusiml,  ojw[aliorl at the high-temperature extremes,
w]th tllc exccptiot] of the dcgladation  effects of single-event
lalct~uf,~arld sillp,lc-cvcrit  u~,sctsf ordynamic RAMs,  isless ofa
rcl)at~ill[y  risk (haII (~pcratiorr at the low-temperature extremes.
Chal~c[crizatioll,  lo\\-tcllll)eratllrc  burn-in and radiation, are
rccolonwnded for flight technologies. 7kmperature cycling in
thrcwu~se. of the lurwl day may improve the radiation risk but
m.~yaficct nwcllanicfil and ~llatcl-ial integrity.

I’ackagin~,

“f hc clominrrnt fiailrrlr nlcthanism  of  typical  packaging
dcsi~,rrs is low cycle fiti~,uc of interconnects. This mechanism
re.sulls fl oni a glohat nlistllatch of the coefficient of thermal
e.xpallsion (Cl}:) l,ctwecn: (1) [he part and the board it is
moul,tcd on, (2) the bc,at d ancl the board housing. I.ocal  CTE
misll]atitlcs  (bc.twec[; solder material and metal pad on the
boar(!) also ccmtl ibutr [o the pmblcm.

‘1 hr ]naterial proprr~ics  which govern the life of solder
ir][cl{ otlrwcts arc very no[i lincdr As a result, cyclic exposures
which itlvolvc hip,tlel peak the[lllal exposures are significantly
mwc ct~li~aging  thm  cycle exposures of the same total depth
but v:hich ilwolvc a lov:eI hc)t peak temperature. Moreover,
below 273K, the soldcl niatc(ial becomes significantly stronger
an{i tllc~cby most likc]y cllall~es the failure mode for the intcr-
cot]rwc{ f[on( a fa[i~uc failure of Ihe solder material to a brittle

,.,



faihrrc of either the solder material or the par(-lead II,?ci Iiil.
Furthermore, the actual part tcmpcraturcs  may t w si 8 t,i I I aII [1 y

higher than the external ambient tempcra[u~c duc to ~ IO},,  CI
dissipation and the internal thermal resistance. If l;ir},t i ~,: ct II Al
tcrnpcraturc rises do exis[, it may be necessary to sv, i[( II [(I h) j’tl

temperature solders both at the joint and pc)ssil,ly II, .}(;  II}ic
compommt  (confi~uratioll  dcpenderrt). If tcnlllci d UI ( I i< \ t 4 II

bc held to a minimum or if other thcrrnal control [C.?IIIII’JLI  s fiIr

utilized to 10WW the eftcctivc  part tcmpcraturc,  (hc II (I :idilio[l;+l
leadhin solder should bc acceptable.

Mechanisms

Futwc  lunar space missions will require hif,h [IL-I [<J] II:aTIL c,
reliable, lorrg-life rncchanical systems with mo\ill~  ]1.lr[<, tt crc
is a concerlt in the space community that t}). ( u{ IC}II  tc. It
nology level in basic areas such as bearing, ycals, s(+I :11 id
lubricants may not meet mission goals. A sullr,,rr{~ t~f IUI u((
needs and ccmccrlls of space mechanisms arc:

● There is not enough data available fui ]Iw:l): lli~l]]~
operating in space for long duratiou  b( cauw vcr ~ j(.w
systems Iravc operated t h a t  long aid IIoiie 11+~ b( ,:(I
returned. q’hc Earth orbiting Long IXrr,~tiol[ t;~)msl;lt
Facility (1 ,D13F)  expcrimcrrts were exposed t,, a n, (,IC
benign enviromncnt  than the lunar surfii c, all(i It, M of
the clcmcnts  were in non-operating ccmrli[iwl<.

● There is a concern about thermal cyclirl~, fiu lurl;~, l.IrI{~( is
w h i c h  m a y  cxpclirwrce large tempe.rat~lle (i) ftcl(i,, cs
(extremes); there is limited expcriel]ce  of (( IIIIK ii I urc
exlrcmes  in vacuum for long clrrration.

● There is a concern about contamination]) ald sur ~ivt 1,illt }
of mechanisms in the severe lunar enviro]ll]umti ~~it~ (i:ls[
and abrasive material.

. Ilcrc is a concern that existing and uIIIcs (cd II)tll  i(i,llts

may not meet (hc increasingly rmtlicti~c  itlslrmrl,rtll
recpriremen(s in temperature tolerances, radial IOrl rc ws-
tance, and micrometcorite  damage, alon~,  with ltu~i’,  ii (!.

● Some lubricant problems have not bc.cn so[vc{i yc. SIICII

as: outgassing;  drawbacks of dry lubricanli,  Iiqlll{l  s: al IIIIfI
materials, particularly rubber and plastic,

● Ilerc is a nc.cd to dc. velop consistent co II I]m Iis(I:i [if ~~.s(
results and to establish reliable criteria for z, ( c1 I r:llc(l
testing of friction and wear. Solid lub!irii]lt,  l],i~ I)t t~c
more suitable for accelerated testing thau liquid<

● There is a concern about dither motion OVCY SII I.+1 I c;: p,) c cs
of rotation, sliding, rr)cchanisrn surfaces and WC.:,1,  ad the
selection of best rnatcrial. Also the vitwatw:l a II(1 s!l IJl o!
landing (in addition to temperature al,d 10M [,, LV)IY)
cause mechanism failure by aflcctin{’ Iutlll(?nl

distributions, tolerances and surface colW+:[ ~

● There is a concern that although test rllc[ho(i~ rl t) ix
adequalc  tc) qualify flight hardware, sonj( test la ili [lcs
arc not adequate for simulating the long, tfr)l] s]m
cnvironrncnt  (vacuum, temperature, low @, all(! d J F18 I I ii (

testing facilities for lubricant charactcri?atio],,  ‘lh( t I. P
nccct for space qualification tect]r]i(!Lrr\ it)r ][111~1
operations and a need for chambers si ulula[ i (t:, [llli  1(,

meteorite bombardments.

c N!r-chwlisltl tcchtmlogies identified for further
dcvcloprllcnt ale: wrls  and sealant (O-ring, gaskets);
t,carin~,s (Iub]ica[iol), contamination); lubrication of
rcfictiorbv;hcc] t~calill~,s clpcrating for long life; very low
SIICCCI  (lower [Ilarl elasto hydrodynamic lubrication)
r~)]lin: e.tclrlerit  t)carirlgs; nlotors  and gear trains; magnetic
Oi other non corl[fictinx bearing for scalable long life
cquipnmt; ab}-a~ion, radiation darkening, contamination
rrsistant optical surfaces and solar cells; composite
rll~tcrials for nwchanisrr~s; light-weight, high-strength
al loys  such a. A1-1.i alloys; robotics and telerobotic
srrvicing  arid urlll]arirtcd  exploration; direct drive systems
rllinirrlizing the usc of gears; reliable power-generation
s.sstcm~ ancl inlprovcd battery technology; cryogenic
lut>ricar)ts; lut,rictirlts for high hertzian stress sliding
[ontrart;  self vrrifying  deployment mechanisms and
i]llcl]ir,cnt nlwllatlisrns; I,recision po in t  and  cont ro l
]Iwchfinisnls,  vitmrtion isolation; robotics joints and
p(ippcrs; corlncctors and disconnectors, and servomotors;
adc.quatc low s~wcd (lower than elasto hydrodynamic
lubrication]) rolliu~, elcnicnt  bearing for vacuum

<’QNNlc’f’lvrrY

‘ Colmcctivity” is used bcrc in a very general sense t o
deimtc any links bctuefn a predecessor and a successor flight
systc n) both On the Moon, tba[ result in the successor mission
bcil,s  able to utilire.. to i[s advantage, capabilities of the prede-
ccsstu systcnl Anothci wc)rd tha[ could bc used to describe the
icica is “inhcritancc.,” bu{ “connectivity” conveys some of the
rla[ul c of the challetl~c in linkinf, predecessor to successor.

( k,]mect i vity has ploved of great importance in NASA’s
astropl)ysics pIog,I  ar, ] lhrcmg,h upgrades to the }Iubble Space
TElcscopc:  past ald ]~ianncd  for t}le future. However, the nature
of the chalknr,cs  is cjuite diflclent  for servicing missions by
a<tlonauts irl low Eirrrd] orljit than for creating robot-to-robot
co]lne[ tions on the hloorl,

‘1’hc  previous econoniic analysis was done with the intent of
shov:irl~  that par{ially reusable systems might indeed prove
al (racti vc cnou~,b to at lc.ast stimulate some though m to what
dcsi}:li scdutions are. nmst promising. The present section repre-
sc’rlti a step in lhc dircctiorl of identifying, a fcw such solutions.

‘llm cmmrical  cxaluplc  c,f reusabil i ty f o r  E a r t h - b a s e d
ot>scrva[orics  is to retair] the structure and optical system of a
tclc$coj~c. and rcplacc the foctil-plane  complement with new
SC.JISWs  and dcviccs a~ they bc<omc available. For example, the
S r[i telcscopc at Psrlf~nlar  is a very different scientific instrument
fton, tlw cmc tt)at saw filst light in late 1947?

“1’hr challcnf’$$  associated with this upgrading (or extending
to cl(fl ci cnce sensing rcg,in]cs) schcmc are obvious. First, there is
tbc shcrr  tec}mical  difi]culty in devising flight systems designs
that ellable. a rcliab]c robotic change-out to bc done. Second,
ever! if one ba~ such a design, the cost (Pin equation (1)) is
like; y to be hig,b. ATI anwlic,ratirig factor is the fact that
dcsigl)clslra}erl(,trcally  explored, in adctermined  way, flight
syskcrll  arcbiteclurcs  vith  these requirements.
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‘f’hc a u g m e n t a t i o n  t h a t  c o m e s  rr)ost Icadily (() r itil I:

adding nodes to an existing interferomctric  arl,t), i.pll(. al
infrared, or radio. The advantages arc clew, nl(o, lJ\-I,taItf
covcrar,e and additional phcrton-collec[  ln.g (’8[’ Ihllllj

Connectivity challenges arc not trivial but dcsl~l, st,lllli I], dt
not seem inoperable.

A valiant  of th is  schcmc is to a d d  small it]tcllllt~rrl:lfii
“orrlriggcr”  telescopes to a larger, central tclcscop~ Ilid Ims
already been opcratinp, (the predecessor sysIem) SI II ali

approach has  bccrr strrdicd for the two Kcch wlr. wqi:, < OJI
Mauna Kea.

Inheritcsf RQ.vEr

Rovers arcuscful adjuncts to scientific illvcs[i~iili(,ll.  ;IIId,

depending on their design, can be used for a vari{:}’  of

engineering or scientific services. . Since they NC ciui{{:  Iikrl> ILI

be able to conlrnunicatc  easily with the plc~lcccss<~r ]wo[t,c~

lander, this communication could readily bc cxtcllflc(:  I(, z
successor landct.

l?@wlhWMtlw IIQJ

More simply put, predecessor structures will pro[ii,{c  s}, ldc
that can bc utilized in an appropriate rnanncr.

lnheri[~ Dah,*JM

A transmitter-reccivcl on a predeccssol s}sleIII tfuli I>c
tapped and utilized for direct communication }vi[h }:.at itl

Sirni lady, cmnpute pcwrcr and memory could bc rrllf, n, ,.trl ccl
using predecessor systems.

L!lhU it!W?W!&&fd.cm.s

l’hc transfer of power is more prctblcmatic  tlmll tl IV t-xc ~1 ii I jw

of bits, hut the temptation to reuse solar partrl( is [i SII(ID~

motivation.

$WhMARYANI~  CONUZUS!~NS

There arc reasons to believe that situating ccitain [,vp. s (If
robotic observatories on the Moon can bc scicldifl( ,,lIJ a-Id
economically competitive with situating thcnl in a lICC fl\r I
environment.

●  Reusati]lity o f  scicn[ific a n d  enrinc.(’rlll~ Sy.lr.l!i

dccrcascs total costs for a series of nlissioli~. HI 11 i\
facilitated by geometric constraints

● Invariant relatlvc  g,cometry,  lncludlns  no dls[, [i >IO!I,
between predecessor and successor assets

● Tu’o-dimensional mobility space for rove{s

● Repetitive relative configurations brlwc(il  )Illltil
stations and Earth stations and betwecll  lIIIIa  I sl@ ioli\
and Sun (implications for, rcspc.ctivcl y, II IIV I )f
conmmnications  links and use of shade fl{ml pIc’drcI. w II
flight systems)

● SL]rvival  of f]i~tlt sys(cnls on the hfoon, over a period of
years, apl,ca]s 10 (m possible without heroic precautions

o As cvinccd by previous lunar experience such a$
SurveyoI 3

●  AL indicated by othe] deep-space experience and
analysis

Hiwvcvel,  (}w c.aw is by no n)eans established and more work
would  need to be doIIc w as.sex<, with confidence, the value of
IIle Moon a$ a vcIIuc foI scierltiflc remote sensing.

Alcas which net-d to bc exanlined are:

● Scientific plo~,rmli

● High value science

Q lnlplcnlenlatdc  Mith low-mass systcnts

* Corlstituted hy a series of richly reusable observatories
(may rely 011 “focused” strategy)

* (’orrncctivity

● Seal ch for m w, innovative ideas which utilize the fact
that the hfocm is not space

● lntcrac[ ~’it}l tllc scientific program for the series

~ Survivability

● l~nqdoy  the best Iur[ar- cnvironrncnt  models

● Identify (}IC  IImst life-limiting hardware issues in the
lunar environnwnt

● (’ost analysis

G Agairlst at ]cmt Ol}e  point design for a series of missions.
identify sensitivities

● ( :ornj~arc  to tltc best that can be done with free flyers

o ‘I(chno logy

● ldcntify thost  irlvcntions or upgrades which would
]owe[ costs or inclcaw  scientific returns for a series of
lurral Obse[valc,rics

● I :stimatr the (c~st and srhedulc  for development of such
itcn]s

* Plograllln]filics

●  ])cve]op irlip]ica[iotis arid prospects  for  a  “mixed”
sllategv:  go~cllmmtlt Idus c o m m e r c i a l  u s e  o f  t h e
hloon

● (’omidel how a ]unat series of missions might relate to a
NASA/t-.\  plortv  lil~c of nlissions

1( is apparcmt that this exalllination  must bc done in the
comcxt of a systero rtrsi~n for a series of missions. Careful
tladcs t,ctwecn scicll[iflc choices, reusability designs, and
rcl]tih lily steps arc ncccssaly  for IIlaking the concept work.
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